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A methodology is proposed whereby a systematic analysis may be carried out of the spectrum of light
scattered quasielastically by crystals. It involves: {i)determination of the equations satisfied by the crystal's
thermodynamic variables, taking into account irreversible processes of energy dissipation, (ii) solution of such
equations for the chosen scattering vector and the relevant crystalline symmetry, and (iii) determination of
the spectrum by means of the Onsager hypothesis relating the solutions obtained and the correlation
functions involving the same variables. The methodology was applied to KH, PO4 and to the superionic
conductor RbAg, I5. The degrees of freedom associated with the diffusing silver ions in RbAg41& were assumed
to be characterized by an internal (strain-independent) temperature and taken into account by means of a
relaxing internal specific heat, the relaxation time being related to the hopping frequency. As the
temperature is lowered, the ionic conductivity decreases, with a consequent decrease in the relaxation
frequency and thus an increase in the Rayleigh intensity, typical of "central-peak behavior, " is predicted.
I. INTRODU(%ION
Since 1971, a considerable portion of the experi-
mental and theoretical activity in the field of struc-
tural phase transitions in crystals has revolved
around the spectral feature referred to in the tech-
nical literature as a "central peak. '~ It has been
observed experimentally in a number of materials
undergoing second-order phase transitions, that
the integrated intensity of the central component
of the spectrum characterizing the r'esponse of the
material to external probes (such as thermal neu-
trons, x-rays, or light) exhibits a marked tem-
perature dependence as one gets "close" to the
transition temperature. A temperature-dependent
central component is what one des, ignates as a cen-
tral peak.
It is now generally believed that central peaks
play an important role in second-order structural
phase transitions. In other words, the belief is
generally prevalent that in studying central peaks
one may be dealing with a fundamental property of
the transitions, rather than with a phenomenon
peculiar to a specific material or to a particular
class of materials. Nevertheless, a survey of the
voluminous literature produced on the subject in-
dicates that consideration of the problem has usu-
ally involved a microscopic approach, an approach
predicted on the assumption that a particular
microscopic model provides a suitable description
of the relevant physics. ' For instance, micro-
scopic analyses have referred to anharmonic
coupling between soft modes and low-frequency
collective modes, ' local ordering of microdomains4
and impurities and defects' as possible sources of
the central-peak phenomenon. While such models
have provided valuable insight into the nature of
central peaks, they nevertheless have fallen short
of providing a satisfactory description (i.e. , a
description based on unquestionable relationships
between model parameters and experimental data)
of significant attributes such as the linewidth' and
relative weight of the central peak, let alone its
line shape. Moreover, since the central peak is
but one of the components of a crystal's quasielas-
tic spectrum, it would be highly desirable to have
at one's disposal a theoretical framework that
would apply to the quasiel. astic spectrum as a
whole. Chances are that more often than not one
will find it difficult to justify the central peak as
an independent spectral feature that does not
"interact" with other spectral features.
The purpose of the present contribution is to
present. a methodology that provides a detailed
quantitative description of the spectrum of quapi-
elastic light scattering from crystals, including
in principle any possible central peaks (first re-
ported by Lagakos and Cummins').
It is illustrateg how nonequilibrium thermody-
ngmics enables one to obtain explicit expressions
for the linewidths, line shapes and relative weights
of the various spectral features that make up the
spectrum of light scattered quasielastically from
crystals. By analogy with work on isotropic
solids' and liquids, "' equations are obtained that
describe certain irrevers ible energy -dissipation
processes in crystals (heat conduction, viscosity,
energy transfer to "internal" degrees of freedom)
and the methodology involves the solution of such
algebraic equations given two pieces of informa-
tion: (a) the scattering geometry and (b) the crys-
tal symmetry. The methodology is completely
general, the amount of algebraic manipulations
being determined by the choice of scattering geom-
etry, by the symmetry of the crystal under con-
sideration and by the number of irreversible pro-
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cesses that one wishes to account for.
As far as the present author was able to ascer-
tain, no systematic investigation has been carried
out of the relationship between line shapes and
linewidths of the quasieleastic spectral compo-
nents, and tt'e crystal's thermodynamic param-
eters, as has been done for liquids. '&' In fact, up
untit, now experimental work on quasielastic light
scattering from crystals has almost exclusively
meant Brillouin scattering from a crystal's acous-
tical modes. " The information provided by such
experiments is restricted to elastic and photoelas-
tic coefficients (the former obtainable from the
positions of Brit.louin lines, the latter from their
integrated intens ity").
As for the central component of the spectrum
(the Rayleigh line}, it is probably fair to say that
only recently, since the discovery of central
peaks, has greater experimental and theoretical
attention been dedicated to it; the previous lack of
attention and motivation perhaps being due to in-
strumental resolution problems. Indeed, it was
only in 1976""tha, t the Rayleigh line in a crystal
was for the first time resolved and found to exhibit
"central-peak behavior. "
By analogy with the work on liquids, "some sort
of connection between the linewidths and line
shapes of the spectral features and the dissipative
processes relevant to crystals is to be expected.
However, the intrinsic anisotropy of crystals, as
opposed to basic isotropy of at least the simplest
liquids, is the reason why such connection has not
been established, nor analyzed in any systematic
fashion. The methodology developed in the present
work constitutes an "algorithm" whereby such an
analysis can be carried out systematically.
Application of the methodology to a cubic and
a tetragonal crystal indicates very clearly, on
the one hand, that the algebraic manipulations in-
volved in dealing with a crystal are not necessarily
more cumbersome, as perhaps has been thought,
than those involved in dealing with a l.iquid, pro-
vided that the scattering geometry is judiciously
chosen. On the other hand, the structure of the
equations relevant to the formalism also indicates
that statements of a general nature made about the
characteristics of the spectra of crystals, and
based on analogies with the corresponding charac-
teristics of the spectra of liquids, are in principle
inappropriate and may in fact be erroneous.
Two materials of much current interest were
chosen as illustrations: the tetragonal ferroelec-
tric KH, PO, (potassium dihydrogen phosphate,
KDP) and the cubic superionic conductor" RbAg~l,
(rubidium tetrasilver pentaiodidel.
Including only heat conduction and viscosity, ap-
plication of the methodology to KDP at 300 K
yielded the following results [scattering geometry:
x+z(yy)i+ zj: (a) the spectrum consists of three
components, two Brillouin lines, one on either
side of the origin and at equal distances from it,
and a Rayleigh line, centered at the origin. (While
it may be believed that this result couM have been
guessed beforehand, one will readily infer from
the examples discussed in the present contribution
that the number of "components" in the quasielas-
tic spectrum is only- limited by the number of en-
ergy dissipation processes that one wishes to, or
is forced to, take into account. } (b) the Rayleigh
line has a Lorentzian line shape; (c) the Brillouin
lines are not Lorentzians, but rather have reso-
nance line shapes; and (d) the linewidths of the
three lines are proportional to X', where E is the
scattering vector. The proportionality coefficients
are the viscosity coefficient (Brillouin lines) and
the thermal diffusivity (Rayleigh line).
In the context of nonequilibrium processes the
possibility was also investigated in the present
work that energy could be transferred to presum-
ably .existing "internal" degrees of freedom of the
crystal. Such degrees of freedom were assumed
to be characterized by an internal (strain-inde-
pendent) temperature and taken into account, phe-
nomenologically, by introducing an internal specif
ic heat and a relaxation time (the time required
for the internal temperature to attain local ther-
modynamic equilibrium). In a previous publica-
tion, "the present author has shown that the exis-
tence of such a relaxing interns, l specific heat is
consistent with the sound attenuation data on
HbAg4I„" and the methodology was therefore also
applied to this material. The solutions of the
equations of nonequilibrium thermodynamics, now
including this. type of thermal relaxation, yielded
the following results for RbAg, I, (same tempera-
ture same scattering geometry): (a) For an ar-
bitrary relaxation time, the spectrum consists of
four components, two Brillouin lines, .one on
either side of the origin and at equal distances
from it, a Hayleigh line centered at the origin and
a new component, a relaxation line, also centered
at the origin; (b) the Rayleigh line has a Lorentz-
ian line shape; (c) the relaxation line also has a.
Lorentzian line shape; (d) the Brillouin lines will
in general have neither Lorentzian nor resonance
line shapes (however, an explicit expression is
given for the Brillouin line shapes); (e) the Ray-
leigh linewidth is, as before, proportional to E
and the thermal diffusivity; (f) for relaxation
frequencies much greater than or of the order of
the Brillouin frequency, the linevridth of the re-
laxation line is proportional to the relaxation fre-
quency and independent of the scattering vector.
However, if the relaxation frequency is of the
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order of the linewidth of the Rayleigh line, the
linewidth of the relaxation line depends not only on the
relaxation frequency but also on K' and the ther-
mal diffusivity; (g) if the relaxatlon frequency is
much higher than the Brillouin frequency (equilib-
rium attained "instantaneously" ), the relaxation
line does not appear in the spectrum; and (h) if
the relaxation frequency is of the order of or much
smaller than the Brillouin frequency, energy is
"transferred" from the Brillouin lines to the Ray-
leigh and relaxation l.ines, both of which become
more intense. With vrelaxation O.i PB illo i
instance, the Rayleigh intensity increases by a
factor of about 3.
The present paper is arranged as follows. In
Sec. II, a brief presentation is made of the essen-
tial ideas involved in the usual treatments of the
thermodynamics of nonequilibrium processes, and
the equations describing heat conduction, internal
friction and thermal relaxation in crystals are ob-
tained. In Sec. HI, the quasielastic light scattering
spectrum of crystals, expressed in terms of ap-
propriate correlation functions, is related to non-
equilibrium thermodynamics via Onsager's hypoth-
esis. In Sec. IV, the spectrum is determined for
KDP including only heat conduction and internal
friction. In Sec. V, thermal relaxation is included
and the spectrum determined for RbAg4I, . In Sec.
VI, final comments are made.
II. THERMODYNAMKS OF
NONEQUILIBRIUM PROCESSES IN CRYSTALS
The fundamental assumption underlying the usual
discussions" of the thermodynamics of nonequilib-
1
rium processes is that such processes can be de-
scribed by space- and time-dependent counterparts
of the same thermodynamic variables which are
appropriate to the description of equilibrium pro-
cesses. One further postulates that the thermody-
namic relations pertinent to the system in equilib-
rium are also valid, when expressed in terms of
the chosen space- and time-dependent variables,
for any infinitesimal volume within the system,
where by infinitesimal volume one is to under-
stand a region which is macroscopically small,
but still contains a large number of atoms.
Once the appropriate variables have been chosen
for the description of nonequilibrium processes,
attention must be turned to the energy dissipation
mechanisms that such processes involve. From
the thermodynamic point of view, heat conduction
and internal friction (also known as viscosity"")
represent the simplest energy dissipation mechan-
isms associated with nonequilibrium processes.
However, the intrinsic complexity of any many-
body system, such as a crystal, and the realiza-
tion that thermodynamics ignores, so to speak,
the microscopic constitution of the system it de-
scribes, point to the conclusion that a formulation
including only these two mechanisms is, at best,
incomplete. In other words, there certainly exist,
at least in principle, processes involving energy
dissipation which will require a formulation going
beyond the simple-minded description provided by
thermodynamics.
To take them into account, one could simply
introduce additional. variables. A pvjon these
additional variables could bear no obvious relation
to the original. ly chosen equilibrium variables —on-
ly a careful consideration of both the system and
the process in question couM determine whether
any such relation should in fact exist. Still, one
would like to retain the simplicity that comes from
using equilibrium variables to describe nonequi-
librium processes. This can be done phenome-
nologically (whether or not it is appropriate to do
so iri any given situation is a separate problem,
one which is perhaps best solved by working out
the consequences of the simplest modification pos- .
sible and checking them against data already avail-
able or potentially obtainable).
The idea (probably f irst employed, in 1928, by
Herzfeld and Rice' in their study of sound absorp-
tion in gases, as stated in the review of Markham,
Beyer, and Lindsay") is to introduce internal
counterparts of the usual equilibrium thermody-
namic variables. In other words, the description
of irreversible processes now involves, for iri-
stance, an internal temperature and an internal
strain (in the case of crystals). The "internal"
variable (or variables) is assumed to relax to the
equil. ibrium value of the corresponding external
variable in a characteristic tirn. e, the so-called
relaxation time. '""
If one measures the influence of a given thermo-
dyriamic variable by the second derivative of the
appropr iate thermodynamic potential" with respect
to the variable in question, the relative influence
of the internal variable can be assessed by taking
the ratio of the analogous second derivatives. In
the case of an internal. temperature, for example,
one would consider the ratio of internal and ex-
ternal specific heats. The internal variable is
therefore eliminated and its effect accounted for,
phenomenological. ly, by a relaxation time and a
relative-influence parameter. This phenomeno-
logical. treatment involving the utilization, in the
description of nonequilibrium processes, of in-
ternal equilibrium thermodynamic variables, is
what one is to understand, in the- present work, as
a treatment including relaxation processes.
In-summary, then, three mechanisms of energy
dissipation have been identified in crystals, name-
ly, heat conduction, internal friction and relaxation
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(in the context discussed above). These three pro
cesses are formulated analytically in what follows.
A. Heat conduction
We start by assuming that the space- and time-
dependent temperature T(r, t) and strain compo-
nents {q,&(r, t)) may be written
T(r, t) = T+ n T(r, t),
7]u(r & t) = YJ &&+ 6'g&&(r & t),
where T and {q,&] are the equilibrium values of the
temperature and strain components, and t&.T(r, t)
and {heal&&(r, t)[ represent small deviations from
these vat.ues.
If it is further assumed that the infinitesimal
volume centered at r can only exchange heat with
its surroundings, then
t&.Q(r, t) = T(r, t)b o (r, t),
where o(r, t) is the entropy density.
In terms of Z(r, t) and {ri,t(r, t)] one may write,
utilizing well-known thermodynamic relation-
ships~ (here and elsewhere in this paper, re
peated subscripts are, as usual, summed over)
na(r& t) =(pC„/T)t T(r& t)+ C~r„,p,pq„(r&t), (2.I),
where p is the density, C„is the specific heat at
constant configuration, {C~&»] are the isothermal
elastic stiffnesses, and {P,& are the thermal
strain coefficients. Utilizing the equation of con-
tinuity for the heat density and the usual Fourier
hypothesis" relating the heat flux J(r& t) and the
temperature gradient, i.e. ,
[Xc(r, t)],= -}„[aT(r,t)],Q ~ k 0g&
where {X,&) is the thermal conductivity tensor, one
finally obtains the equation that describes heat
conduction in crystals
pC&& &a T(I & t) + TCuy~py~ 67f~t(1 & t)
B. Internal friction
In its simplest formulation, energy dissipation
due to internal friction can be viewed as resulting
from an internal force which is proportional to the
velocity. ' One could therefore assume that inter-
nal friction in crystals is characterized, in the
simplest situation, by an internal-stress tensor
{r,'&], the (ij) component oi' which is given by
8
+ v&&1&r ~&& i(r& t)9g
(2.4)
Once b, v'u(r, t) has been specified, the equation of




The discussion presented earlier has established
what one is to understand, in the context of the
present work, as a relaxation process. In Sec.
IIC we will be more specific and consider the
case in which the internal. degrees of freedom may
be characterized thermodynamically by aninter-
naI temperature T'(r, t), the process whereby it
attains the local eguilibrium temperature T(r& t)
being referred to as tA', ermgl relaxation.
So long as the internal temperature has not at-
tained the local equilibrium value (i.e. , while
the internal temperature is relaxing) the thermo-
dynamic state of the infinitesimal volume cen-
tered at r depends on the internal temperature
T&(r, t), the dependence obviously ceasing to exist
when equilibrium is reached between the two tem-
peratures (only one temperature is then relevant,
the local temperature). In other words, if E(r, t)
is the local free-energy density we have
E(r, t) = E({q,(r, t)], T(r, t), T'(r, t)}.
When the local internal temperature T'(r, t)
reaches equilibrium with T(r, t), the thermody-
namic state of the infinitesimal volume at r should
no longer depend on T'(r, t), i.e. , at equilibrium
we have
and therefore we obtain
QP —E~,„hg])+E~, ~h, T+ E~, ~,h, 7 —0,Sg
where {v,»,J is the viscosity tensor. '
Including the dissipative term (2.3) and employ-
ing standard thermodynamic relations" one ob-
tains for nru(r, t) the following expression:
nr, ~(r, t) = C~r~, )[n.q, g(r, t) —p„n,T(r, t)]
~r u(r & t) = v uzi st ~"qadi(r & t) & (2.3) (2 6)
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and, from relation (2.6) we have
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The notation ( ). . .„,indicates that all strain com-




o= (r(T, (q,,), T'),
it is straightforward to show thai
~o= Cg', ape, aalu+ {—C„C-„')rT
8Til t
(2.15)




Comparing E|ls. (2. 14) and (2.4), one will note
that these expressions are identical (apart, of
course, from the dissipative term) —in other
words the introduction of an internal tempera-
ture, constrained by assumption (2.13), has no ef-
fect on the stress tensor. On the other hand, it
will undoubtedly be realized that if the assumption
(2.13) is not invoked, an additional term propor-
tional to b.T, will have to be included in Eg. (2.14).
Since Eg. (2.14) is unchanged, we will concen-
trate our attention on expression (2.15) for the
entropy variation, the most striking characteristic
of which is the presence of 4T'. However, we
shall see in what follows that 4T' can be elimi-
nated.
The elimination is accomplished by observing
that the influence of the internal temperature on
the thermodynamics of the system is character-
ized by the constant of proportionality (BF/BT')r„.
As T' varies with time, so does (BF/BT') „rutnil
equilibrium is reached between T and T' at which
time, and thereafter, (BF/BT')r„=O. In other
words, it is entirely reasonable to expect that the
time variations of T' and (BF/BT') arre somehow
related. Perhaps the simplest relation is a linear






Results in E&s. (2.9)-(2.12) establish the necessary
connections between the "equilibrium" thermody-
namic derivatives, involving only T and fq, &}, and
the derivatives involving the internal temperature
T'.
If the assumption is made (to be justified in Sec.
V), that the internal temperature T' does not de-
pend on the state of strain within the crystal, i.e. ,
(2.1.6)
where L is a kinetic coefficient.
Relations analogous to Eq. (2.16} involving dif-
ferent thermodynamic variables and different
thermodynamic potentials, represent an important
ingredient in most discussions of nonequilibrium
thermodynamics. "'""
Expanding (BF/BT')r„, one obtains
8—~T'= -I (Fr,„Aq,~+ Fr, rnT+ Fr, r, AT') .T'
Rgb tf
From Eqs. (2.7), (2.8) and the assumption (2.13),
it follows that8, 8T'—r T'= I.F,, , n.T-{I.F,, , }r T'.8$ ' ' 8T
it follows that
«u= C&sa){&&as Par&T) (2.14)
At this point we recall that the hypothesis has
been implicit throughout; that T' relaxes toward
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T in a characteristic time. From the structure
of Eq. (2.17} it is therefore reasonable to define
(for example, pp. 201-202 of Ref. 14)
(2.18)




8t T 8T (2.19)
Differentiating Eq. (2.15) with respect to time,
using Eq. (2.19), the definition (2.18}and the ex-
pression for n, T' obtainable from (2.15), one ar-
rives at the result
+—C b T+-(C —C')7' —hT.p p, 8
(2.20)
Equation (2.20) for the entropy density takes
f
ef(q'x')e, (q'x'}ef(qx)8 (gl) f (gP(,(K $)gP„(KQ))gR OO
where (qX) and (q'X') refer to the wave vector and
polarization index of, respectively, the incident
and scattered light waves, e(qX) and e(q'X) are the
polarization vectors, and K —=q' —q, 0 =—, , —,
and AP,.&, for instance, denotes the fluctuation in
the (ij) component of the transition polarizability
tensor. On the other hand, the integrated intensity
will be proportional to
e*,.(q'X') e~(q'X') e,.(qX) e*, (qX) (aP,&(K, 0)EP~t,(K, 0))
(3.2)
Basically then, the theoretical analysis of a light-
scattering problem involves two steps: (a) speci-
fication of the transition polarizability tensor; and
(b) calculation of appropriate correlation func-
tions. In the usual case, (a) requires detailed
microscopic knowledge about the system under
consideration, and (b) requires utilization of any
one of a number of mathematical techniques. "
Suppose now that the wave vector K and the fre-
quency 0 of the fluctuation seen by the light are
such that Kd «1 and Q~ «1, where d is a charac-
teristic length and v is a characteristic time for
the system (a precise specification of such charac-
teristic parameters would require additional know-
ledge about the system and is irrelevant in the
present context). These two conditions, which
may be restated in words by saying that one is
looking at dielectric susceptibility fluctuations of
"long" wavelength and low frequency, imply that
into account by means of two phenomenological pa-
rameters, C„'and 7', the (strain-independent) in-
ternal temperature that has been hypothesized to
be appropriate in describing nonequilibrium pro-
cesses in crystals. Note that if v=0 (instantane-
ous relaxation —it does not make sense to speak of
an internal temperature}, Eq. (2.20) reduces to
Eq. (2.1), as of course it must.
III. QUASIELASTIC LIGHT SCATTERING
AND THE ONSAGER HYPOTHESIS
A perturbative treatment of the interaction be-
tween light and an arbitrary system leads nat-
urally to expressions for the measurable quanti-
ties, the frequency distribution and the integrated
intensity of the scattered light, in terms of cor-
relation functions of the transition polar izability
tensor. "
Specifically, the power spectral density S(K, 0)
will be proportional to
(3.1)
I
the microscopic details of the system are, so to
speak, hidden from our view. The fact that light
scattering under the wave vector and frequency
conditions set forth above is unable to perceive
microscopic details, suggests that it should be
possible to analyze experimental results in terms
of the system's macroscopically measurable pa-
rameters (parameters such as index of refrac-
tion, compressibility, elastic constants, etc.}, or
more concisely, that a thermodynamic analysis
should be appropriate. This approach to light scat-
tering, and its application to liquids, was pio-
neered by von Smoluchowski" and Einstein" and
further developed by Brillouin" and Landau and
Placzek. '~ More recently (again in the case of
liquids}, the approach received new impetus from
the work of Mountain. "' In the present work, the
approach is extended so as to include crystals.
The integrated intensity can be rather readily
obtained by expanding the fluctuations 2 Pi, in
terms of the chosen thermodynamic variables and
using the formalism of thermodynamic fluctuations
developed by Einstein. "' It turns out that the
thermal averages in Eq. (3.2) can then be entirely
expressed as a function of a certain number the
system's measurable macroscopic parameters
(index of refraction, elastic and photoelastic con-
stants, specific-heat and thermal-expansion co-
efficients). The power-spectral density, on the
other hand, involves two-time correlation func-
tions. Whereas the problem of the evaluation of
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time-independent thermal averages of fluctuating
thermodynamic variables was solved by Einstein
in 1910, it was only in 1931 that the analogous
time-dependent problem was solved by Onsager. "
In simple terms (Onsager used the theory of
stochastic processes to back up his hypothesis),
Onsager reasoned that if a physical system is not
in equilibrium, it does not know whether this sit-
uation is a consequence of a spontaneous fluctua-
tion or results from the imposition of some ex-
ternal "influence". Since the imposition of an ex-
ternal influence disturbs the system and the return
of the system to a state of equilibrium upon re-
moval of the influence is governed by the equations
of hydr. odynamics, it follows, according to On-
sager, that the decay of the spontaneous fluctua-
tions should also obey the same equations. "~"
In practice, the Onsager hypothesis means that
once the hydrodynamic equations for a given sys-
tem have been solved, thereby determining the
time dependence of relevant hydrodynamic vari-
ables, say bA(K, f) and EB(K, t), the correlation
function
IV. SPECTRUM FOR KDP
The dielectric properties of a crystal may be
characterized by a dielectric tensor a. Phenom-
enologica1. ly, one may regard this tensor as a
function of several variables x&, that is to say
Z= e(x„xa.. .), and attribute changes in the tensor
to changes in such variables —in symbols, i.e. ,
In the context of the thermodynamics of crystals,
strain and temperature" would be appropriate
variables and one could formally write
~~strake+ ( ~~tsmeeraturs'
When referred to the principal axes, the dielec-
tric tensor is diagonal" and the change in 7 due to
temperature for a tetragonal crystal (such as KDP)





) t smperat ere 0
( ')"
have the same time dependence.
In Sec. II, equations were obtained that describe
the nonequilibrium processes of heat conduction,
internal friction and thermal relaxation in crys-
tals. These are the "hydrodynamical" equations
for crystals. In Secs. IV and V they will be solved
.and the quasielastic light scattering spectrum for
KH,PO4 and RbAg4I, will be thereby determined via
Onsager's hypothesis.
Figure 1 summarizes the steps involved in de-
termining the spectrum of quasielastic light scat-
tering from crystals via Onsager's hypothesis.
4(c ) = -e [&(e ) '] E . (4 2)
It is found experimentally that b(Z) ' is propor-
tional to the strain, that is to say
hB,.)= p])~)hg,.), (4.3)
(4.I)
The change due to strain can be determined" by






















FIG. &. Determination of the quasielastic light-scattering spectrum of crystals using nonequilibrium thermodynamics
(RETD).
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where we have abbreviated 4&,.
&
=—[&(e} '],, and
(p,,») is the photoelastic tensor. "
From Eqs. (4.2) and (4.3) and Ref. 38, it turns
out that (t),e )„,~ has the following matrix rep-
resentation i.n the case of KDP (tetragonal class
42m"):




e,'[P„(t),l},+ «,) P„al},]el &3(P44«4)
e
1(P12 91 Pll 2+ P13 03) (4.4)
We will choose the scattering geometry
x+ z(yy)x+ z,
therefore matrix (4.4) reduces to
Our choice of scattering vector [K=(K„,O, O)] and
the crystalline symmetry of KDP yield the follow-
ing equations for tlu(K„,s) and tlT(K„,s):













(s'+ a's+ b')t)N (K„,s) = (s+ a')&u„(K„),
(s'+ a"s+ b")F24,(K„,s) = (s+ a")au, (K„),
This particular choice of scattering geometry
reduces the sum (3.1) to (s+ d)tlT(K„,s)+ i(c's)bu, (K„,s. )
= ~+K„)+i(c')~a„(K,), (4.9)
ce
(t P„(K„,t}tlI '„,(K„,O))e'"' d't where
The (yy) element of the matrix resulting from the
sum of matrices (4.1) and (4.5) is
—E1P12 g1+ 6T/$19T
and the following correlation functions will there-




According to Onsager's assumption the time de-
pendence of these correlation functions can be de-
termined by solving the coupled Eqs. (2.2), (2.4)
and (2.5) for (t(rl&&(r, t)j and AT(r, t). Taking the
Fourier-Laplace transforms of («,.&(r, t)] and
b, T(r, t} we obtain
&1},&(K, s) =— . &@&&(r,t)e ' 'e "d3r dt,
eT(K, e)—= f feT(ee)e' e "d'rde, , '
the initial values of which are
ee),e(R) = f de)d(r, 0)e '"'d'r,
dT(K)-=f e T( O)e ' "dr'r.
a=(v»/p)K„', a'=(v„/p)K„',a"=(v„/p)K„',
b=(C„/p)K„',b'=(C„lp)K„',b"=(C,4lp)K„',
c=K„[(Clrl+Clr2)p, + Clr p3]/p, c'=(T/C„)c
d = (X,/pC„)K„'.
The solutions for hu„(K„,s) and tlT(K„,s) are
t))u„(K„,s) = [D,(s)hu„(K„)+ D,(s)b T(K„)]/N(s),
t T(K„,s) = [D3(s)t),M„(K„)+D4(s)ET(K„)]/N(s),
where
N(s} = s'+ (a+ d)s'+ (ad+ cc')s+ bd,
D,(s) = s'+ (a+ d)s+ cc'+ ad, D,(s) = ic, —
D,(s) = ic'b, D,(s) = s'+ as+ b.
In the absence of viscosity and coupling to tem-
perature fluctuations, the solution of Eq. (4.6) for
tI)u„(K„,s) would correspond in the spectrum, to
Brillouin lines of zero width at frequencies s
= ai(d„where (c,=K„(C»/p)'~2 (this, bytheway, is
the information provided by the usual treatments"
of quasielastic light-scattering spectra of crys-
tals). It is therefore convenient to utilize this
zero-order solution in defining a dimensionless
variable R= s/i&0, and —a set of dimensionless pa-
'rameters
m -=d/u), , n -=a/2(u, , p -=cc'/2(d,'.
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The equation N(s) = 0 then becomes
R' —i(m+ 2n)R' —(1+ 2mn+ 2p)R+ im = 0. (4.10)
(R-im)[R in'(1~p)][R in (I~p)]=0.
(4.11)
Since hg, = iZ„hu„,the first-order solutions for
AIi,(Z„,s) and d T(Z„,s) may be written
d, l),(E„,s) = C,(s)r q,(E„)+C,(s)r T(Z„),




TABLE I, Bet.evant thermodynamic data for KDP
(T = 300 K). Source: Landolt- Bornstein (Ref. 39).
p = s.sss g/cm'
7.0 x10 dyn/cm




ps = 44.4x10 8/K
C, = a.sx10'8rg/gK
1.9 x10' 8I g/K Sec cm
At 300 K, the relevant experimental data for KDP
are given in Table I. For X= 5145 A (argon laser),
the index of refraction is equal to 1.5100 (Ref. 40) and
our choice of scattering geometry yields E„=2.6 x
10'/cm, thus v, = 23 6Hz. With these data, the di-
mensionless parameters m and p canbe calculated;
one finds m = 0.004, p= 0.005. The parameter g
= v»Z„'/2pcl, can only be estimated, as the present
author was unable to find experimental values for
the viscosity coefficient of KDP. The estimate will
be based on the work of Lagakos and Cummins. '
From the graph displayed on p. 1068 of their pa-
per, the full width at half-maximum (FWHM) of
the Brillouin line at T= 129.20 K is found to be
equal to -400 MHz. This is "true" width of the
line, since the quoted (p. 106'1) instrumental reso-.
lution is -150 MHz. For T= 129.20 K, the Brillouin
frequency (v,') can also be obtained from the same
graph: vQ'=0. 18"l5 cm '= 5625 MHz. Now, the ex-
periment of Lamakos and Cummins picks out b I)„„
(= AI4) and for K= (E„,0, 0), it follows that
bl)„„(Z„)p8iZ„ba,(Z„). In other words, the rele-
vant equation is Eq. (4.7), the solution of which
leads to a damping of the acoustical" wave, entirely
due to internal friction, equal to a'= (v«/p)E„', and
to a Brillouin frequency &o,'= Z„(Car,/p)'~', There-
fore, a'/cl'= —"' = 0 O'I
5625
It wil1 be assumed that a at 300 K is of the same
order as a' at 129.20 K, say a - 500 MHz. Since
VQ 23 6Hz, one thus arr ives at the estimate g
= a/2&@, -0.01. To first order in small parameters
m, n, and p, Eq. (4.10) factors as
2p 1 &I+in —2p 1 i-n —2p
Cl(8) N( )+21( N( )
+ M( ) ~
(4.14)
1 1 1 1C(s)=m'
N( ) -2 N ( )+~( ) ~, (4.15)
1 1 1 1
N( ) 2 N( ) N'(s)
1-2p & 1
( )'PI, ( ) N'( ) '
with m'= cE„/cl,', n'= c'/Z„, and
N, (s) = (s+ d), N, (s) = [s+ ~a+ i&a,(1+p) ] .
Qnce the Fourier-Laplace transforms of the rel-
evant thermodynamic variables have been deter-
mined, it is a simple matter to determine the pow-
er spectral density. For example we have
I
f 80
(d I),(E„,f)~I)t(E„,0))s'"' dt,E,(Z„,A) -=Re
11 p A't a
2 2 2&ac j N,'(-A) (4.19)
N,'(A) = A'+ d', N,'(A) = [A —cl,(1+p)]'+ (-,'a)'.
The spectrum thus obtained can be easily inter-
preted. Clearly the function A(A) = d/N, '(A) cor-
responds to a Lorentzian centered at 0= 0 (the
Rayleigh line) with FWHM of 2d=(B.,/pC„)Z„',
which from Table I is found to be equal to
I"a „th= 230 MHz.
Its relative weight is 2p= 0.01.




0 1 1 0 1
2 2&ye Nm(A) 2clo N~(-A)
one finds that
B(A) = acl'/[(A' —cl')'+ a'cl'],
where &a'= nl,'+ pa'. In other words, B(A) de-
scribes resonance I.ines centered at
O'=boa-~a' No
and FTHM equal to.a, that is to say we have
= 2 Re[(b I),(Z„,s = -iA)hl)lt(Z„, 0))]. (4.18)
Using the fact that" (dI),&b T) = 0 and Eqs. (4.12)
and (4.14) one finds for E,(Z„,A),
Z, (E„,A) = (i ~Ii,(E„)i')C,'(A),
where
a It p A& a
pI N'(A) +2 E 2 2cl )IN~(A)
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FIG. .2. Quasielastic light-scattering spectrum of KDI',
determined usi. ng the formalism of nonequilibrium
thermodynamics. Only heat conduction and internal fric-
tion (viscosity) are included. The Rayleigh line is de-
picted in an inset because its intensity in fact corres-.
ponds to only 1% of the total scattered intensity (see
text).
Bt tlloutn (~tt/p)
(The work of Lagakos and Cummins, ' as mentioned
before, indicates that this would correspond to a
frequency of the order of 500 MHz. )
From expression (4.19), it fellows that the total
relative weight of the Brillouin lines is equal to
(1 —2p), that is to say, most of the intensity is
contained in the Bril.louin lines, the Rayleigh line
accounting for roughly 1% of the total scattered
intensity (as opposed to roughly 20% in liquids" ).
The other (three) correlation functions can be
easily found from relations analogous to Eq. (4.18),
utilizing Eqs. (4.12)-(4.17). However, since the
integrated intensity is equal to [the cross terms
(4.15) and (4.16) give zero contribution]
f(K„)= 2 (z;p„)'(i~ti,(K„)i')
2 (4.20)
and the contribution coming from the temperature
fluctuations is very small (cf. Appendix), the char-
acteristics of the overall spectrum are essential. ly
the same as described above.
Figure 2 depicts the spectrum for KDP.
V. SPECTRUM FOR RbAg4Iq
In the past few years, the class of solid electro-
lytes known as superionic conductors has attracted
a great deal of interest. " What distinguishes su-
perionic conductors from ordinary solid electro-
lytes is the fact that, whereas the latter exhibit
ionic conductivities of the order of 10 /Oem or
less, superionic conductors have ionic conductiv-
ities comparable to those typical of liquid electro-
lytes (0.5/0 cm). This property makes superionic
conductors likely candidates for potential use in
solid-state batteries.
One of the most thoroughly studied superionic
conductors is RbAg~l, (rubidium tetrasilver penta-
iodide), which at 20'C has an ionic conductivity of
0.21/0 cm,"the charge carriers being the silver
ions." In previous work by the present author, "
the simultaneous analysis of data on ultrasound
absorption, "specific heat, "and ionic conductiv-
ity" demonstrated the existence, in RbAg4I„of
internal degrees of freedom associated with the
diffusion of the silver ions which may be charac-
terized thermodynamically by a relaying specific
heat. The relaxation time w was qualitatively
identified" as the hopping time of the silver ions
between available sites. The specific heat as-
sociated with these internal degrees of freedom
has been calculated, 4' an.d corresponds, at 300 K,
to roughly 10% of the total specific heat. Now, it
has been found" that except near the phase transi-
tions exhibited by RbAg4I, at 209 and 122 K,"the
degrees of freedom associated with the diffusing
silver ions are essentially independent of the lat-
tice modes (rubidium. + iodine). From the point of
view of thermodynamics, one can interpret this
fact as signifying that the internal degrees of
freedom, characterized by the internal tempera-
ture T', are independent of crystalline strain,
that is to say, (8T'/Sq, &)r„,= 0.
This background information allows us to apply
the formalism of thermal relaxation developed in
Sec. IIC to the calculation of the quasielastic light-
scattering spectrum of RbAg4I, . The same scat-
tering geometry will be utilized, namely x+ z(yy)x
+ z. RbAg, I, has cubic symmetry, "and the two
new parameters relevant to the calculation are w,
the relaxation time and the ratio of specific heats
f =—C'„/C„,with f -0.1.
Taking the Fourier-I aplace transform of Eq.
(2.20) and using Eq. (2.1) will yield hu(K„,s), and








b, T(K„)+ i(g') &u„(K„),
(5.1)
where
g= (Ctrt+ 2Ctr, )P,Kgp, g'= (T/C„)g
and, as before, d=(X,/pC„)K',.
The "mechanical" equations are (compare with
Eqs. (4.6)-(4.8)]
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(s'+ as+ b}bu„(K„,s)+ i(g)&T(K„,s)
= (s+ a)4u„(K„), (5.2)
(s'+ a's+ b') b,u,(K„,s) = (s+ a')au„(K„),
(s'+ a's+ b') b.u,(K„,s) = (s+ a') &u,(K„),
where g, a', and b' were defined in Sec. IV.
From Eqs. (5.1) and (5.2) one obtains
~q,(K„,s) = [D,(s)~r),(K„)
+ D,(s)r T(K„)]/N''(s), -
a T(K„,s) = [D,(s)nq, (K„)
+ D,(s)a,T(K„)]/N'(s),
where
N'(s) = [(1 f)r]-s'+(1+ [a(l -f)+ d]v']s'
+(a+ d+ [ad+ gg'+(1 —f)b]7')s'
+ [b+ ad+gg'+(bd)r]s+ bd,
D,(s) = [(1-f)7]s'+(1+ [d+(a f)a]7)-s'
+ [a+ d+ (gg'+ ad) 7]s +gg'+ ad,
D,(s) =gK„[(l—f)7's+ 1],
D,(s) =( g' b/K)( vs +1),
D,(s) = [(1 —f)7]s'+ [1+a(1 —f)7']s'
+ [a+ b(1 —f)7]s+ b.
TABLE II; Relevant thermodynamic data for BbAg4I5
at T =300 K.
p = .5.384 g/cm3 (Ref. 14)
C&&= 1.65x10&& dyn/cm (Hef. 14)
C&2= 0.93 xlo'~ dyn/cm2 (Ref. 14)
P&
—57 x10 ~/K (Ref. 14)
C„=2.47 x 106 erg/g-K (Hef. 46)
f
-4 x 104 erg/K-eec-cm {Ref.48)
(For 7'= 0, note that as required, these expressions
reduce to the analogous expressions N(s) and D,(s)
-D,(s) of Sec. IV; recall that f).q, =iK+u„).
At T= 300 K, the rel.evant experimental data for
RbAg, i, are collected in Table II.
Defining, as in Sec. IV,
m -=d/(o, , n=a/2(o„ ft—= s/i(g
(where c),=K„(C~r/p)'~e) and further introducing
the parameters
n=(~, &) ', q=-(1-I)-'
the equation N'(s) = 0 becomes
-i [2n+ q(a+ m) ]8 - (1+ q [2(p'+ mn) + o'(2n+ m) ])&'+ i(q [m+ ~(1+2p'+ 2mn)]) g+ q+m 0 (5.3)
Assuming that the index of refraction for
RbAg, I, is of the order of 2.2 (the value for
n-AgI ), for light of wavelength 5145 A (argon
laser) and the chosen scattering geometry, one
finds K„=3.5 x 10'/cm, v, = 9.75 GHz and therefore
we have
m = 0.006, p'= 0.027.
The parameter n can be estimated by assuming
that v» is of the same order as viscosity coeffi-
cients typical of other crystals, ' namely, v» -10 '
poise and thus we have n-10 '.
To first order in the parameters m, n, and p',
Eq. (5.3) factors as
[R -iq(a+mf)](R im)[ft -i-n+(1+ p')]
x [R -in -(1+p')] = 0. (5.4)
[Actually, the factorization above leads to a term
2p' in the coefficient of R, rather than a term 2qp'
as in the original Eq. (5.3); however, for f=O. l
we have q=1.1, and the difference between
p' and qp' is small and of no consequence since
2qp' «1, recall that p' = 0.027.]
Comparing Eqs. (5.4} and (4.11), one sees that
the inclusion of thermal relaxation, as character-
ized by the dimensionless parameters a=(&F07) ~
and f = C„'/C„results in a new root
s= -[1/(1 —f)](v„+fd),
where
v„—= relaxation frequency = v' ~.
Partial-fraction decomposition of D,(s)/N'(s)
and subsequent calculation of Re(6q,(K„s=
= —iQ)b, r)~t(K„,0)) produces a spectrum consisting
of four lines
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relaxation:
L,(Q) =A,(q, n)(qv„+qfd)/[Q'+(qv„+ qfd)'],
Rayleigh:
L,(Q) = A.,(q, n)d/(Q'+ d')
Brillouin
L,(Q) = ([ReA,(q, n) ]( z a) —[ImA, (q, n) ]









A, (q, n) = qn(2pqf)ID'(q, n),
A,(q, n) = 2pqn [1+(qn)']/D'(q, n),
A,(q, n) = —,'((qn)'(1+ 5P+ in) —(qn)'
x (Sm —5mqf + 2n+in —2ipq)+(qa)
x (1+7p —2pqf + zn)




&'(q, n) = (qn)'(1+ 7P) (qn)'(—3m 5mqf —+ 2n)
+ (qn)(1+ 9p) —3m(1 —qf) . (5.8)
TABLE III. . Relative spectral intensity for quasielastic
light scattering [x+&(yy)x+&] by strain fluctuations in
RbAg4I5atT = 300K(f = Cint/'C+ = 0.1;vo= 9.8 GHz;p = 0.03).










L,(Q) and L,(Q) clearly correspond to Lorentzian
lines centered at Q= 0 and FWHM equal to 2(qv„
+ qfd) and 2d (= 2A.,E„'/pC„),respectively. The
shape of the Brillouin lines, on the other hand,
depends on the parameters q and a; however, if
z' '» 1, it can be shown that the sum I,,(Q)+ L,(Q)
yields, as before, resonance lines centered at 0
= a&a, with FWHM of a=(v»/p)K„.
From Egs. (5.5)-(5.8) it follows that
Az(q, n) + Az(q, n) + 2 ReAz(q, a) = 1,
which implies that the integrated intensity will be
the same, whether or not the thermal relaxation
process is present. However, the intensity dis
tribution among the spectral lines depends, through
q -=(1 -f) ' and a = (&u,r) ',-on the values of the pa-
rameters f and z' that characterize the relaxation
process. Results in Eqs. (5.5)-(5.8) are valid for
arbitrary values of a, but it is more instructive
to consider the limiting cases r '» ~, and 7' ' «~,.
FIG. 3. Influence (figure drawn roughly to scale) of the
internal degrees of freedom associatedwith the diffusing
silver ions on the Rayleigh line in BbAg4I& [T= 300 K,
x+ z(yy)x+z]. C „'is the internal relaxing specific heat
at constant configuration and the figure was drawn for
vrelaxation 0,1vBrii}oisin The ratio C„'/C„is equal to 0.1.
For f = 0.1, Table III is obtained (choosing qa
= Sm(v„=0.1v,) to simplify the algebra).
Inspection of Table III readily indicates that the
relaxation process in addition to generating a new
spectral line (centered at Q=0), increases the in
tensity of the Rayleigh line at the expense of the
intensity of the Brillouin lines, as one goes from
a "fast" to a "slow" relaxation-frequency regime.
For RbAg4I„ the relaxation time z was qualita-
tively identified" as the hopping time of the silver
ions between availablc sites. As the temperature
is lowered, the ionic conductivity decreases (by a
factor of 4, for instance, between 300 and 220 K,4'
with a consequent increase in the relaxation time
In other words, since the temperature varia-
tion of the ionic conductivity o is much faster than
that of the other thermodynamic parameters rele-
vant to Table III (C», C», P„C„,and f) the. T de-
pendence of o alone should result in a gradual in-
crease, as T is lowered in the Rayleigh intensity,
i.e. , should lead to central-peak behavior.
Figure 3 depicts the influence of the thermal re-
laxation process on the Rayleigh line.
VI. CONCLUDING REMARKS
The present contribution shouM be assessed vis-
a-vis the "state of the art" in quasielastic light
scattering from crystals. As mentioned previous-
ly, the dividends obtainable from experimental ef-
forts in this area have been restricted, by and
large, to elastic and photoelastic coefficients. "
This information, while undoubtedly valuable, is
of static nature, the dynamical aspects of the
quasielastic spectrum being usually left out of the
discussion (except of course in connection with
central peaks). By contrast, the "algorithm"
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summarized in Fig. 1 provides a methodology
whereby the dynamical features of the spectrum
may be related, more or less trivially, to a small
number of parameters, most of which wil. l possess
a clearly identif iable thermodynamic nature. An
important point to be made is that if the scattering
geometry is suitably chosen, the algebraic manip-
ulations, as illustrated in Secs. IV and V, are no
more cumbersome than analogous manipulations
in isotropic liquids. "' In other words, any given
experiment should be planned so as to minimize
the algebra while maximizing the scientific divi-
dends —in the worst situation the analysis of the
spectrum will involve a computer fit with a few
adjustable parameters.
Nevertheless, the role of scattering geometry
in simplifying the algebra involved in utilizing the
algorithm depicted in Fig. 1 should lead to the con-
clusion that statements of a general nature made
about the characteristics (say, linewidths) of the
spectra of cry. stals, and based on analogies with
the corresponding characteristics of the spectra
of isotropic liquids are, in principle, inappropri-
ate and may in fact be erroneous. The structure
of Eqs. (2.2), (2.4) and (2.5), for instance, indi-
cates that for an arbitrary scattering vector, one
would have to solve a seventh degree equation and
it is highly unlikely, even if an algebraic solution
were found, that the same simple isotropic-liquid
relations would hold between linewidths and
thermodynamic parameters. "
Two of the results in the present contribution
indicate the potential utility of the approach.
The first result is the relation found between the
viscosity coefficient v» and the Brillouin line-
widths for both KDP and RbAg4I, . Qne would ex-
pect similar relations to hold for other materials
if suitable scattering geometries are chosen, a
fact that immediately suggests a method for mea-
suring the viscosity coefficients of crystals. If
the resolution is sufficient (say, better than 500
MHz), the viscosity coefficients can be simply
read off the spectrum, a far less laborious pro-
cedure, one will. agree, than the conventional
method" involving the measurement of sound at-
tenuation. For instance, in the case of cubic crys-
tals three appropriately chosen scattering geom-
etries would yield the three relevant viscosity co-
efficients (the viscosity coefficients and the elas-
tic coefficients obey the same symmetry rela-
tions'}.
The second result is the possibility afforded by
the approach, and illustrated in Sec. V, of study-
ing the influence of relaxation processes on the
spectrum of light scattered quasielastically from
crystals. In the case of the superionic conductor
RbAg4I„ the ratio of specific heats had been cal-
culated previously and the relaxation time is in-
timately related to a physical process known to
occur in the crystal (hopping diffusion), the char-
acteristic time of which can be measured by other
means. In other words, the inclusion of relaxa-
tion, at least for RbAg4I„ involved parameters
of fairly transparent physical meaning. More-
over, Fig. 3 illustrates how the proposed treat-
ment of relaxation could account for the central-
peak phenomenon. By constrast, the standard
microscopic treatment of the phenomenon in terms
of a relaxing self-energy involves a relaxation
time which is related to the characteristic time
typical of fluctuations in the acoustic phonon den-
sity,"'a parameter, one will certainly agree,
whose physical meaning is far from obvious and
hardly amenable to unambiguous experimental
characterization.
Qne could certainly envisage situations where
the treatment of relaxation in crystals would re-
quire several relaxation times. In fact, the in-
herent anisotropy of crystals should manifest it-
self in a variety of relaxation processes, each of
which can in turn be tuned in, so to speak, by
varying the scattering geometry. The methodology
illustrated in the present contribution should en-
able a systematic quantitative investigation to be
made, via light scattering, of such relaxation
processes in crystals.
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APPENDIX
In terms of stress and entropy variables, one
may rewrite the integrated intensity (4.20) as
I(K„)= const(S, + E, + S,+ E,),
where (the elastic coefficients C,& and S,.J below
are adiabatic coefficients)
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8g~
c,'P,P, BT „ (Aj)
[the approximate expression (2.71) of Wehner and
Klein" involves an analogous para, meter —our ex-
pression (A1) is exact. ]
Since we have
2
BT BT 1 I(P] 1 . Pl 2)P1 P13P3]1'
available data" ""yields
r'(T = 300 K) = 0.24 (A2)
Except for p«,"the photoelastic coefficients of
KDP are only known at room temperature" and
the contribution of (Be,/BT)„to I „„„(andhence
to the Rayleigh intensity) for this particular scat-
tering geometry cannot be determined at other
temperatures. It can however, be estimated, if
one assumes that the temperature variation of p»
(the letters S and E were chosen to identify the
contributions coming, respectively, from the
stress and entropy fluctuations).
If one sets (Bs~/BT)„=0, the contributions S, and
E, are both equal to zero and the ratio R =I„~„JI„,= E,/S„which, from available thermodynarn-
ic data on KDP," is found to be of the order of 1%.
The contribution of (Be,/BT)„to I „„„maybe
expressed as
I „„,= const( T/p C,)(e,'p, g, )'(1+r'),
where the parameter r is defined by the relation
is small and that relative variation of pyg pgg and
p»(hp, .&/p,.&) is the same, since the other relevant
thermodynamic data are avaiable at lower tem-
peratures. '"" For instance, near the phase
transition at T=122 K, one finds
r'(T= 130 K) = 2.05 (A3)
Comparing Eqs. (A3) and (A2), one sees that ac-
cording to this estimate the multiplicative factor
(1+r') becomes 2. 5 times larger
Since C~ decreases by 60)o between 300 K and
130 K,"assuming that the product (e,'p»p, ) is
roughly constant in the same temperature range,
one finds
I~g,oyy(T= 130 K)'/I~g~y„(T= 300 K) —1 9. (A4)
Closer to the transition temperature, C~ in-
creases and therefore, all other things being
equal, one would expect the ratio (A4) to decrease.
This example (though specific to KDP and to a
particular scattering geometry) would seem to in-
dicate that the proposition of Lyons and Fleury""
(relating the central peak phenomenon to the con-
tribution coming from a (Bc/BT)~ term to entropy
fluctuations) should be carefully considered for
each given material, especially if this mechanism
is invoked as an explanation for the often observed
Rayleigh intensities that increase by large fac-
tors. Extensive thermodynamic data near the
phase transition temperature are required, one
should infer from the present case, before any
conclusive statements can be made.
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